Introduction {#S0001}
============

Laryngeal cancer is one of the most common malignant tumors of the head and neck, and at diagnosis, about 60% of patients are already with stage III or IV disease and unfortunately, laryngeal cancer is one of a few oncologic diseases for which the 5-year survival rate has decreased over the past 40 years, from 66% to 63%, although the overall incidence is declining[@CIT0001] This highlights the need for further research and innovation in this field. Radiotherapy shows poor efficacy against laryngeal cancer due to the radioresistance of these tumors. At present, there is no effective method to improve the radiosensitivity of laryngeal cancer in a clinical setting. Therefore, novel means of enhancing the radiosensitivity of laryngeal cancer are required to improve patient survival rate in clinical practice.

The therapeutic effects of radiotherapy are achieved by the induction of DNA double-strand breaks (DSBs), cellular apoptosis, and redistribution of the cell cycle.[@CIT0002] DSBs are regarded as the most serious type of DNA damage induced by irradiation, as they cause cell death.[@CIT0003],[@CIT0004] However, there are two major repair pathways for DSBs, homologous recombination (HR) and non-homologous end-joining (NHEJ), which may lead to radioresistance of tumor cells.[@CIT0003] RAD51 is an important molecule in the HR pathway,[@CIT0005] and DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) plays a central role in the NHEJ pathway.[@CIT0003] Agents targeting the DSB repair pathways that can enhance cellular apoptosis may improve the radiosensitivity of tumor cells.

Malignant tumor cells, including laryngeal cancer cells, mainly obtain energy via the glycolysis of glucose even under aerobic conditions. This aerobic glycolysis is termed the Warburg effect,[@CIT0006],[@CIT0007] and is thought to be involved in the development of radioresistance in malignant tumors.[@CIT0007]--[@CIT0009] Glucose transporter-1 (GLUT-1), which is localized on the cell membrane and acts as a channel protein for the uptake of glucose in malignant tumor cells, has been shown to be a key regulator of the Warburg effect.[@CIT0007],[@CIT0010] Previously, we reported that GLUT-1 is expressed at high levels in laryngeal cancer[@CIT0011]--[@CIT0013] and is involved in the development of radioresistance.[@CIT0013]--[@CIT0017] Inhibition of GLUT-1 using GLUT-1 antisense oligonucleotide (AS-ODN) and GLUT-1 small interfering RNA (siRNA) may enhance the radiosensitivity of laryngeal cancer cells.[@CIT0013],[@CIT0015],[@CIT0017]--[@CIT0019] However, the cellular mechanisms underlying the increased radiosensitivity of laryngeal cancer cells by GLUT-1 inhibitors remain unclear.

Cancer stem cells (CSCs) have high proliferative capacity and invasive ability, and are considered one of the causes of radioresistance in tumors.[@CIT0020],[@CIT0021] CD133, a marker of CSCs,[@CIT0022],[@CIT0023] is also found in laryngeal cancer cells and is associated with radioresistance.[@CIT0024],[@CIT0025] In our previous study, we found that GLUT-1 is expressed at high levels in a Hep-2 laryngeal cancer cell line expressing high levels of CD133 (CD133^+^-Hep-2),[@CIT0026] and GLUT-1 siRNA improved the radiosensitivity of CD133^+^-Hep-2 cells. There have been other studies on radioresistant Hep-2 (Hep-2R).[@CIT0027],[@CIT0028] However, the correlation between high-level GLUT-1 expression and radioresistance in Hep-2R cells expressing high levels of CD133 (CD133^+^-Hep-2R) has not been previously reported. In this study, we established the CD133^+^-Hep-2R cell line, and used in vitro and in vivo models of laryngeal cancer to validate the radiosensitization effect of GLUT-1 siRNA on CD133^+^-Hep-2R cells, investigating the cellular mechanisms underlying the enhancement of laryngeal cancer radiosensitivity by GLUT-1 siRNA.

Materials And Methods {#S0002}
=====================

Chemicals, Reagents, And Materials {#S0002-S2001}
----------------------------------

Hep-2 cells were purchased from the Cell Research Institute of the Chinese Academy of Sciences (Shanghai, China). RPMI-1640 medium was obtained from Gibco-BRL (Gaithersburg, MD, USA). Fetal bovine serum was obtained from Hyclone (Logan, UT, USA). CD133 MicroBeads Kits were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Anti-mouse CD133-PE antibody was purchased from Abcam (Cambridge, MA, USA). Cell Counting Kit-8 (CCK-8) kits were purchased from 7Sea Biotech (Shanghai, China). Annexin V kits were purchased from KeyGEN BioTECH (Jiangshu, China). TIANamp Genomic DNA Kits were purchased from Tiangen Biotech (Beijing, China). REeverAid™ first strand cDNA synthesis kits were purchased from Toyobo (Osaka, Japan). SYBR Green PCR kits were purchased from Thermo Scientific (Waltham, MA, USA). WesternBright™ ECL was purchased from Advansta (San Jose, CA, USA). Matrigel and Transwell chambers were purchased from Costar (Temecula, CA, USA). Anti-GLUT-1, anti-RAD5, anti-PKcs antibody was purchased from Abcam. GAPDH was purchased from Cell Signaling Technology (Beverly, MA, USA). Healthy male NOD/SCID nude mice (aged 4--6 weeks), weighing 18--20 g, were provided by Shanghai Sleek Laboratory Animal Co. Ltd. (Shanghai, China).

Cell Lines And Cell Culture {#S0002-S2002}
---------------------------

The human larynx squamous cell carcinoma Hep-2 cell line was cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 mM [l]{.smallcaps}-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a 5% CO~2~ incubator. The cells were detached using 0.25% trypsin plus 0.02% EDTA and harvested after reaching 80--90% confluence. The cell concentration was adjusted to 10^7^ cells/mL. The radioresistant Hep-2R cell line was cultured using the same procedure as for the Hep-2 cell line.

Generation Of Hep-2R Cell Lines {#S0002-S2003}
-------------------------------

Hep-2 cells in logarithmic growth phase were irradiated with X-rays (dose: 2 Gy; irradiation field size: 30 × 30 cm; source-skin distance: 80 cm; dose rate: 200 cGy/min) at room temperature, once daily, 5 days per week, for 3 weeks. Cells irradiated with a total dose of 30 Gy were collected and placed in an incubator.

Magnetic- And Fluorescence-Activated Cell Sorting Of CD133^+^-Hep-2/2R Cells {#S0002-S2004}
----------------------------------------------------------------------------

Hep-2/2R cell suspensions incubated at 4°C for 30 min were labeled with anti-FcR receptor antibody and CD133-MicroBead kit sorting antibody (Miltenyi Biotec). After washing, labeled cells were loaded onto a column installed in a magnetic field. Trapped cells were collected as the CD133~high~ fraction after the column was removed from the magnet. The collected cells were applied to a second column and the purification step was repeated. The flow-through fraction of the magnetic-activated cell sorting (MACS) column was used as the CD133~low~ fraction. To assess the purity of the CD133^+^-Hep-2/2R cells, anti-human CD133-PE was added to the cell suspension at concentrations suggested by the manufacturer and cells were incubated at 4°C in the dark for 10 min. After washing twice, paraformaldehyde (4%) was added to the mixture, which was fixed at 4°C for 20 min. The labeled cells were washed twice, suspended in phosphate-buffered saline (PBS), and analyzed by flow cytometry (Beckman, Fullerton, CA, USA).

GLUT-1 siRNA Transfection {#S0002-S2005}
-------------------------

GLUT-1 siRNA was purchased from GenePharma Co. Ltd. (Shanghai, China). The sequences were: sense, 5′-GGAAUUCAAUGCUGAUGAUTT-3′; antisense, 5′-AUCAUCAGCAUUGAAUUCCTT-3′. GLUT-1-siRNA transfection was performed when the cells reached 50% confluence in accordance with the manufacturer's protocol.

Irradiation {#S0002-S2006}
-----------

Cells were irradiated using a 6-MV linear accelerator (Clinac 23EX; Varian Inc., Palo Alto, CA) 24 h posttransfection. Irradiation treatment (source skin distance: 100 cm; radiation field: 35 × 35 cm; single X-ray dose: 6 MV; dose rate: 500 mU/min; and doses: 2, 4, 8, and 12 Gy) was performed in triplicate for each condition. Subsequently, the cells were cultured for 48 h.

Reverse Transcription Polymerase Chain Reaction (RT-PCR) {#S0002-S2007}
--------------------------------------------------------

Aliquots of 1 μg of total RNA extracted from cells were used to synthesize first-strand cDNA using RevertAid first strand cDNA synthesis kits (Toyobo) according to the manufacturer's protocol. PCR amplification was carried out using 5 µL of cDNA as a template in a total reaction volume of 50 μL containing 16 µL deionized water, 25 µL SYBR Green Real-time PCR Master Mix, and 2 µL of each primer. The primers used were as listed for GLUT-1 (forward, 5′-GTCAACACGGCCTTCACTG-3′; reverse, 5′-GGTCATGAGTATGGCACAACC-3′), RAD51 (forward, 5′-AGGTGAAGGAAAGGCCATGTAC-3′; reverse, 5′-CATATGCTACATTATCCAGGACATCA-3′), PKcs (forward, 5′-CTAACTCGCCAGTTTATCAATC-3′; reverse, 5′-TTTTTCCAATCAAAGGAGGG-3′) and GAPDH (forward, 5ʹ-GAGCCCGCAGCCTCCCGCTT-3ʹ; reverse, 5ʹ-CCCGCGGCCATCACGCCACAG-3ʹ). Following a 10-min denaturation step at 95°C, the reactions were performed for 40 cycles of denaturation for 10 s at 95°C, annealing at 60°C for 20 s, and extension at 72°C for 30 s, followed by a final extension at 72°C for 10 min.

Western Blotting {#S0002-S2008}
----------------

The proteins were extracted with RIPA lysis buffer containing several protease and phosphatase inhibitors. The proteins were separated using SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride (PVDF) membranes (item no: IPVH00010; Millipore Co., Boston, MA, USA). Immunoblotting was carried out using monoclonal antibodies: anti-GLUT-1 (cat no. ab40084, 1:200; Abcam), anti-RAD51 (cat no. Ab88572, 1:200; Abcam), anti-PKcs (cat no. Ab70250, 1:200; Abcam), and anti-GAPDH (cat. no. AP0063, 1:4000; Bioworld, Dublin, OH, USA). The membranes were then incubated with secondary antibody, detected using an ECL chemiluminescence assay kit (Beyotime Biological Technology Co. Ltd., Shanghai, China), and visualized by X-ray film exposure. Protein expression was analyzed semiquantitatively using the ChemiDoc XRS+ System (Bio-Rad, Hercules, CA, USA).

Cell Proliferation Assay {#S0002-S2009}
------------------------

For the Cell Counting Kit-8 assay (CCK-8), cells were seeded at a density of 3000--3500 cells/well in 96-well plates and cultured for 48 h. Subsequently, cells were incubated in the dark for 1 h after adding cell counting solution (10 µL). The absorption of each well was measured at 450 nm using a Spectra Plus microplate reader (Molecular Devices Co., Sunnyvale, CA, USA). For cell growth assays, cells were seeded at a density of 1×10^5^ cells/well in 25-cm^2^ culture flasks. The number of viable cells was determined at different time points. For colony formation assays, cells were seeded in 6-well plates at a density of 800--1000 cells/well and cultured for 12 h, followed by irradiation with X-rays (0, 2, 4, 6, 8, or 12 Gy). After incubation for a further 10 days, colonies were stained with 0.5% crystal violet for 20 min and counted.

Detection Of Apoptosis {#S0002-S2010}
----------------------

For the in vitro study, CD133^+^-Hep-2/2R cells were cultured for 48 h in a humidified atmosphere containing 5% CO~2~ and digested with trypsin. For the in vivo study, the tumor tissue was washed and cut into small pieces. The separated cells were collected after milling with a syringe plunger, filtered using a 400-mesh sieve, and digested using trypsin without EDTA. Apoptosis was assessed by flow cytometry. Populations of apoptotic cells were determined by staining cells with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI; Sigma, St. Louis, MO, USA) according to the manufacturer's protocol (annexin V kit; KeyGEN BioTECH). Briefly, the cells were resuspended in binding buffer and stained with annexin V-FITC and PI for 10 min in the dark at room temperature. The cell suspension was immediately analyzed by flow cytometry. The data were analyzed using ModFit LT software (Becton Dickinson, Mountain View, CA, USA). Each experiment was performed in triplicate.

Transwell Assays {#S0002-S2011}
----------------

The migratory potential of cells was measured using Transwell assays. Briefly, Matrigel (Costar) was melted, diluted with serum-free medium, and added to the center of a Transwell chamber (Costar), followed by incubation at 37°C for 4--5 h to allow gelatinization. Cells (5 × 10^4^) were seeded onto the upper chamber of the Transwell chamber in serum-free medium and incubated for 24 h for invasion. The cells were fixed in methanol at room temperature for 20 min and stained with 2% crystal violet at room temperature for 30 min. The filters were washed with PBS and the upper cells were removed with cotton-tipped swabs. The cells on the underside of the filters were counted and photographed using an inverted microscope. Each experiment was repeated at least three times.

Tumor Xenograft Model {#S0002-S2012}
---------------------

Male NOD/SCID nude mice (aged 4--6 weeks) provided by the Shanghai Sleek Laboratory Animal Co. Ltd. (Shanghai, China) were housed under specific pathogen-free conditions according to the institutional guidelines for animal care. All animal experiments were approved by the institutional review board of the First Affiliated Hospital, College of Medicine, Zhejiang University (Hangzhou, Zhejiang, China). To establish a laryngeal cancer mouse model, 4 × 10^6^ cells (Hep-2/2R and CD133^+^-Hep-2/2R cells) in 200 μL of PBS were injected subcutaneously into the flanks of nude mice. RPMI-1640, siRNA-NC, or GLUT-1 siRNA was injected peritumorally into the nude mice at a dose of 4 mL/kg per mouse on days 10, 13, 17, 20, and 24 after inoculation. After intraperitoneal injection of 4% chloral hydrate at a dose of 7 mL/kg, the tumors were subsequently exposed to local irradiation at a dose of 1 Gy on the corresponding days. The cumulative local radiation dose was 5 Gy per mouse. The mice were divided into one group for Hep-2/2R cells (treatment with RPMI-1640) and five groups for CD133^+^-Hep-2/2R cells (treatment with RPMI-1640, RPMI-1640+X-ray, siRNA-NC, GLUT-1-siRNA and GLUT-1-siRNA+X-ray), consisting of three mice per group. Tumor sizes were measured every 4 days using an electronic digital caliper, and tumor volume was calculated using the formula: V = 1/2×(largest diameter)×(smallest diameter)^2^. The nude mice were sacrificed on day 26 and the tumors were dissected, weighed, and snap-frozen for protein expression analysis.

Analysis Of Cell Cycle Distribution By Flow Cytometry {#S0002-S2013}
-----------------------------------------------------

The separated cells of the tumor tissue were collected as described above. The cells were fixed in precooled 70% alcohol (2 mL) overnight at −20°C, washed twice with ice-cold PBS, resuspended in PBS (500 μL) with RNase A (10 μL, 50 µg/mL) at 37°C for 30 min, stained with PI (50 μg/mL) at room temperature for 30 min in the dark, and analyzed by flow cytometry. Each experiment was performed at least twice.

Statistical Analysis {#S0002-S2014}
--------------------

Results shown are representative of at least three separate experiments. Comparisons between groups were performed using Student's *t*-test and one-way or two-way analysis of variance (ANOVA) using SPSS software (ver. 19.0 for Windows; SPSS Inc., Chicago, IL, USA). All statistical data are presented as the mean ± SD. In all analyses, *P* \< 0.05 was taken to indicate statistical significance.

Results {#S0003}
=======

CD133^+^-Hep-2R Cell Line Was Successfully Established {#S0003-S2001}
------------------------------------------------------

To obtain the Hep-2R cell line, Hep-2 cells were irradiated repeatedly. Analysis of cell growth was used to assess the proliferative capacity of Hep-2R cells. As shown in [Figure 1A](#F0001){ref-type="fig"}, Hep-2R cells showed weaker proliferative capacity than Hep-2 cells. To validate that Hep-2R was more irradiation resistant than Hep-2, Hep-2R and Hep-2 were irradiated with different doses of X-ray (0, 2, 4, 6, 8, 10 Gy) and the number of survived cells was measured according to the method mentioned in "Irradiation" and "Cell proliferation assay" parts of the "Material and Methods" section. The results were shown in [Figure 1B](#F0001){ref-type="fig"}: under different doses of irradiation, Hep-2R demonstrated more survived cells than Hep-2. Furthermore, the IC50 was calculated based on the data presented in [Figure 1B](#F0001){ref-type="fig"}: for Hep-2, IC50=3.392 Gy; for Hep-2R, IC50=8.049 Gy. So the above results demonstrated that Hep-2R was more irradiation resistant than Hep-2.Figure 1Establishment of Hep-2R and CD133^+^-Hep-2R cell lines. (**A**) Optical density at 450 nm (OD~450~) of Hep-2 and Hep-2R cells as a measure of the doubling time (Hep-2, 40.7 h; Hep-2R, 48.4 h). (**B**) The comparison of irradiation resistance between of Hep-2R and Hep-2 cell lines. (**C**) Establishment of CD133^+^-Hep-2R cell line through magnetic-activated cell sorting (MACS) and flow cytometry. \*\*: p\<0.01.

In the next, to obtain the CD133^+^-Hep-2R cell line, Hep-2R cells expressing CD133 were sorted by MACS. Flow cytometry was performed to assess the proportion of CD133^+^-Hep-2R cells. As shown in [Figure 1C](#F0001){ref-type="fig"}, the proportion of CD133^+^-Hep-2R cells increased significantly after MACS (*P* \< 0.01).

Differences In Tumor Characteristics Between CD133^+^-Hep-2/2R Cells And Hep-2/2R Cells {#S0003-S2002}
---------------------------------------------------------------------------------------

To evaluate the differences in tumor characteristics between CD133^+^-Hep-2/2R cells and Hep-2/2R cells, we established Hep-2/2R and CD133^+^-Hep-2/2R xenograft models in nude mice. The xenograft tumor volumes were calculated to assess proliferation. As shown in [Figure 2A](#F0002){ref-type="fig"}, the volume of the CD133^+^-Hep-2/2R xenograft tumors was significantly greater than that of Hep-2/2R xenograft tumors (*P* \< 0.01). Flow cytometry was performed to evaluate the apoptosis rate and changes in the cell cycle distribution of CD133^+^-Hep-2/2R cells. As shown in [Figure 2B](#F0002){ref-type="fig"}, the apoptosis rate was significantly reduced in CD133^+^-Hep-2/2R cells compared to that in Hep-2/2R cells (*P* \< 0.01). As shown in [Figure 2C](#F0002){ref-type="fig"}, cell cycle analysis indicated that the proportion of CD133^+^-Hep-2R cells at G0/G1 phase was significantly decreased (*P* \< 0.01), which was accompanied by significantly increased proportions of cells in S (*P* \< 0.01) and G2/M (*P* \< 0.05) phases, compared to Hep-2R cells. For CD133^+^-Hep-2 cells, the proportion of cells at S phase was significantly increased compared to that in Hep-2 cells (*P* \< 0.05), but there were no significant differences in the proportions of cells at G0/G1 and G2/M phases between the two cell lines. We further assessed the expression levels of GLUT-1 by RT-PCR and Western blotting. As shown in [Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}, the levels of GLUT-1 mRNA and protein expression were significantly greater in CD133^+^-Hep-2/2R cells than in Hep-2/2R cells (*P* \< 0.01). The above results indicate that CD133^+^-Hep-2/2R cells had stronger proliferative activity, lower apoptosis rate, lower percentage of G0/G1-phase cells, higher percentage of S and G2/M-phase cells, and higher levels of GLUT-1 expression than Hep-2/2R cells.Figure 2Differences in tumor characteristics between CD133^+^-Hep-2/2R cells and Hep-2/2R cells. (**A**) Volumes of xenograft tumors. (**B**) Rates of apoptosis. (**C**) Proportions of cells in different phases. (**D**) GLUT-1 mRNA expression levels. (**E**) GLUT-1 protein expression levels vs those in Hep-2 cells. \*\*, &&, \#\#: p\<0.01; \*, &: p\<0.05.

Effects Of Irradiation On CD133^+^-Hep-2R Cells {#S0003-S2003}
-----------------------------------------------

To evaluate the effects of irradiation on CD133^+^-Hep-2R cells, the cells were exposed to different doses of irradiation. CCK-8 assays and clonogenic survival assays were performed to assess the proliferative capacity of CD133^+^-Hep-2R cells. As shown in [Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}, in response to increasing irradiation doses, the cell viability and cell proliferation rate of CD133^+^-Hep-2R cells increased at 2 and 4 Gy, but decreased at 8 and 12 Gy. The invasive capability of CD133^+^-Hep-2R cells was assessed by Transwell assays. As shown in [Figure 3C](#F0003){ref-type="fig"}, the number of migrated cells did not decrease significantly at lower irradiation doses, whereas it increased at 8 Gy. These results suggest that CD133^+^-Hep-2R cells showed radioresistance.Figure 3Effects of irradiation and GLUT-1 siRNA on CD133^+^-Hep-2R cells. (**A**) Optical density at 450 nm (OD~450~) of CD133^+^-Hep-2R cells in CCK-8 assays. (**B**) Colony forming images and numbers of clones in clonogenic survival assays. (**C**) Number of CD133^+^-Hep-2R cells passing through the chamber in Transwell assays. (**D**) GLUT-1 mRNA expression levels. (**E**) GLUT-1 protein expression levels. \*\*: p\<0.01, \*: p\<0.05.

RT-PCR and Western blotting were performed to evaluate the effects of irradiation on GLUT-1 expression in CD133^+^-Hep-2R cells. As shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}, following irradiation, GLUT-1 mRNA and protein expression were significantly increased at 2 and 4 Gy (*P* \< 0.01), and significantly decreased at 8 Gy (*P* \< 0.01), suggesting that the radioresistance of CD133^+^-Hep-2R cells may be mediated by increased GLUT-1 expression.

GLUT-1 siRNA Enhances The Radiosensitivity Of CD133^+^-Hep-2/2R Cells {#S0003-S2004}
---------------------------------------------------------------------

To determine whether GLUT-1 is a key factor in the radioresistance of CD133^+^-Hep-2R cells, we inhibited GLUT-1 expression using GLUT-1 siRNA. As shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}, RT-PCR and Western blotting analyses indicated that GLUT-1 mRNA and protein expression were significantly decreased by irradiation, with the most pronounced decrease at 12 Gy (*P* \< 0.01). To further determine the effects of GLUT-1 siRNA on radiosensitivity, CD133^+^-Hep-2R cells were pretreated with GLUT-1 siRNA and exposed to different doses of irradiation followed by CCK-8 assay and clonogenic survival assay to assess their proliferative capacity. As shown in [Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}, the cell viability and cell proliferation rate of CD133^+^-Hep-2R cells transfected with GLUT-1 siRNA were lower than those in the negative control group (*P* \< 0.01). Transwell assays were performed to assess the invasive capacity of CD133^+^-Hep-2R cells. As shown in [Figure 3C](#F0003){ref-type="fig"}, the number of migrated cells was significantly lower in the cells transfected with GLUT-1 siRNA than in the negative control group (*P* \< 0.01). These results suggest that transfection with GLUT-1 siRNA may inhibit the proliferative and invasive capabilities of CD133^+^-Hep-2R cells via inhibition of GLUT-1 expression, which may enhance the radiosensitivity of CD133^+^-Hep-2R cells.

In addition to the in vitro experiments, we also conducted in vivo experiments. We established a CD133^+^-Hep-2/2R xenograft model in nude mice, and divided them into five treatment groups: blank, X-ray, siRNA-NC, GLUT-1-siRNA, and GLUT-1-siRNA+X-ray. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, the levels of GLUT-1 mRNA and protein expression were significantly decreased after irradiation (*P* \< 0.05) or treatment with GLUT-1 siRNA (*P* \< 0.05) alone, and the decreases were most pronounced after treatment with a combination of irradiation and GLUT-1 siRNA (*P* \< 0.05). The xenograft tumor volumes were calculated to assess proliferation. As shown in [Figure 4C](#F0004){ref-type="fig"}, the volumes of the xenograft tumors were significantly reduced in the X-ray (*P* \< 0.01) and GLUT-1-siRNA (*P*\<0.05) groups compared with blank and siRNA-NC groups, respectively, with the most pronounced decrease seen in the GLUT-1-siRNA+X-ray group (*P* \< 0.05). Taken together, these findings suggest that transfection with GLUT-1 siRNA increased the radiosensitivity of CD133^+^-Hep-2/2R cells.Figure 4GLUT-1 siRNA enhances the radiosensitivity of CD133^+^-Hep-2/2R cells. (**A**) GLUT-1 mRNA expression levels. (**B**) GLUT-1 protein expression levels. (**C**) Volumes of xenograft tumors. \*\*, &&, \#\#, \$\$: p\<0.01; \*, &, \#, \$: p\<0.05.

GLUT-1 siRNA Regulates The Cell Cycle In CD133^+^-Hep-2/2R Cells {#S0003-S2005}
----------------------------------------------------------------

To verify whether GLUT-1 siRNA increases radiosensitivity by redistributing the cell cycle, the cell cycles of CD133^+^-Hep-2/2R cells in xenograft tumors were analyzed using flow cytometry. As shown in [Figure 5A](#F0005){ref-type="fig"}, after irradiation or GLUT-1 siRNA treatment alone, the proportion of cells in xenograft tumors in the G0/G1 phase increased, whereas the proportions of cells in the S and G2/M phases decreased significantly in comparison to the controls (*P* \< 0.05). We further treated the xenograft tumors with irradiation and GLUT-1 siRNA together, and the proportion of cells in the G0/G1 phase was higher and those in the S and G2/M phases were lower than in the single-treatment X-ray and GLUT-1-siRNA groups (*P* \< 0.05). These results suggest that GLUT-1 siRNA redistributed the cell cycle, enhancing the effects of irradiation.Figure 5GLUT-1 siRNA regulates the cell cycle, promotes apoptosis, and reduces DNA repair capability in CD133^+^-Hep-2/2R cells. (**A**) Proportions of cells in different phases of the cell cycle. (**B**) Rate of apoptosis of CD133^+^-Hep-2R cells. (**C**) Rate of apoptosis of xenograft tumors. (**D**) RAD51 and PKcs mRNA levels in CD133^+^-Hep-2R cells. (**E**) RAD51 and PKcs mRNA levels in xenograft tumors. (**F**) RAD51 and PKcs protein levels in CD133^+^-Hep-2R cells. (**G**) RAD51 and PKcs protein levels in xenograft tumors. \*\*, &&, \#\#, \$\$: p\<0.01; \*, \#, \$: p\<0.05.

Irradiation Combined With GLUT-1 siRNA Promotes Apoptosis {#S0003-S2006}
---------------------------------------------------------

To further investigate whether GLUT-1 siRNA enhances the radiosensitivity of CD133^+^-Hep-2/2R cells by increasing apoptosis induced by irradiation, the apoptosis rate was analyzed by flow cytometry. As shown in [Figure 5B](#F0005){ref-type="fig"} and C, in the in vitro experiments, the apoptosis rate of CD133^+^-Hep-2R cells transfected with GLUT-1 siRNA was significantly higher than that of the control group (*P* \< 0.01). In the in vivo experiments, the apoptosis rate of CD133^+^-Hep-2/2R cells in xenograft tumors was significantly increased after treatment with irradiation (*P* \< 0.01) or GLUT-1 siRNA (*P* \< 0.01), and further increased by combined treatment with irradiation and GLUT-1 siRNA (*P* \< 0.01). These findings suggest that apoptosis caused by irradiation was enhanced by transfection with GLUT-1 siRNA.

GLUT-1 siRNA Reduced DNA Repair Capability In CD133^+^-Hep-2/2R Cells {#S0003-S2007}
---------------------------------------------------------------------

DSBs are a lethal form of DNA damage, and are primarily responsible for cell death during radiotherapy[@CIT0003] The radiosensitivity of CD133^+^-Hep-2/2R cells may be enhanced by the combination of irradiation with a specific agent targeting DSB repair. As RAD51 and DNA-PKcs play important roles in major repair pathways for DSBs, the repair capability was examined by determining the levels of RAD51 and DNA-PKcs in CD133^+^-Hep-2/2R cells. As shown in [Figure 5D](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"} in the in vitro experiments, RAD51 and DNA-PKcs levels in CD133^+^-Hep-2R cells transfected with GLUT-1 siRNA were significantly reduced by irradiation compared to levels in the control group (*P* \< 0.01). As shown in [Figure 5E](#F0005){ref-type="fig"} and [G](#F0005){ref-type="fig"}, in the in vivo experiments, the mRNA and protein levels of RAD51 and DNA-PKcs in CD133^+^-Hep-2 cells were significantly reduced after treatment with irradiation (*P* \< 0.01) or GLUT-1 siRNA (*P* \< 0.01), and a greater reduction was observed in cells treated with a combination of irradiation plus GLUT-1 siRNA (*P* \< 0.01). These findings suggest that treatment with GLUT-1 siRNA impaired the ability to repair DNA damage induced by irradiation.

Discussion {#S0004}
==========

Radiotherapy plays an important role in the treatment of laryngeal cancer. However, the development of radioresistance leads to disease recurrence and poor prognosis. The mechanisms underlying radioresistance in laryngeal cancer remain unclear. Current hypotheses to explain radioresistance include laryngeal CSCs, irradiation damage repair capability, differences in the cell cycle, hypoxia, signaling pathways, and clinically relevant factors. CD133 expression was reported in intrahepatic cholangiocarcinoma, liver cancer, glioma, and renal cancer[@CIT0022] CD133 was also shown to be highly expressed in CSCs in head and neck malignant tumors, and to play a role in the development of radioresistance.[@CIT0029]--[@CIT0033] The laryngeal squamous cell carcinoma cell lines Hep-2 and TU-177 expressing CD133 showed stronger tumorigenic characteristics, including greater cell viability, invasiveness, colony forming capability, and resistance to radiation[@CIT0025] In the present study, we sorted laryngeal CSCs expressing CD133 by flow cytometry and found that CD133^+^-Hep-2/2R cells showed stronger proliferative capability, a lower rate of apoptosis, lower percentage of G0/G1-phase cells, higher percentages of S and G2/M-phase cells, and higher expression levels of GLUT-1 than Hep-2/2R cells.

To determine the radioresistance of CD133^+^-Hep-2R cells, the cells were exposed to different doses of irradiation and their proliferative capacity was assessed by CCK-8 assays and clonogenic survival assays. The results showed that low-dose irradiation increased the proliferation of CD133^+^Hep-2R cells, and there was no decrease in their survival or invasive capability. High-dose irradiation reduced cell proliferation, clonogenic survival rate, and invasion. The results indicated that CD133^+^-Hep-2R cells obtain radioresistance on exposure to low-dose irradiation. Cells show transient responses after irradiation, including aging, apoptosis, necrosis, and autophagy.[@CIT0034] In low-dose irradiation, cells exhibit autophagy, DNA repair, and cell cycle arrest. Consequently, the proliferation of cells is slowed, and radioresistance develops in these cells. Tumor cells reproliferate after DNA repair, which is one of the mechanisms through which tumors develop radioresistance. It has been reported that low-dose (0.1--2 Gy) irradiation increases proliferation and invasion and inhibits apoptosis in mesenchymal stem cells.[@CIT0035] Similar observations were also reported in CSCs.[@CIT0035] The effectiveness of irradiation depends on the balance between DNA damage and DNA repair.[@CIT0036] When DNA damage is greater than DNA repair, radiotherapy is effective and the cells undergo apoptosis and death. In high-dose irradiation, the degree of DNA damage in the cell exceeds its DNA repair capability, leading to senescence, apoptosis, and necrosis[@CIT0034] These results were corroborated by the findings of the present study.

As GLUT-1 is involved in the development of radioresistance, we further evaluated GLUT-1 expression in CD133^+^Hep-2R cells by RT-PCR and Western blotting. GLUT-1 expression was shown to increase with low-dose irradiation, but to decrease with high-dose irradiation, indicating the same trend as observed for cell proliferation and invasion. Therefore, we hypothesized that CD133^+^Hep-2R cells show resistance to the damage caused by low-dose irradiation through increased expression of GLUT-1, leading to the development of radioresistance. To validate this hypothesis, we inhibited GLUT-1 expression by transfecting CD133^+^Hep-2R cells with GLUT-1 siRNA. The in vitro experiments showed that even after low-dose irradiation, the proliferation, colony forming efficiency, and invasive capability of cells were inhibited in an irradiation dose-dependent manner. Furthermore, the in vivo experiments showed that the volumes of xenograft tumors treated with combined irradiation and transfection with GLUT-1 siRNA were significantly reduced. These results suggested that GLUT-1 siRNA may increase the radiosensitivity of radioresistant laryngeal CSCs. Consistent with the results presented here, earlier studies also showed that GLUT-1 AS-ODN and GLUT-1 siRNA enhanced the radiosensitivity of laryngeal cancer cells,[@CIT0013],[@CIT0015],[@CIT0017]--[@CIT0019] but the cellular mechanisms underlying these effects remain unclear.

We first performed cell cycle analysis using flow cytometry to determine whether GLUT-1 siRNA enhances the radiosensitivity of CD133^+^Hep-2R cells through redistribution of the phases of the cell cycle. Both irradiation and GLUT-1 siRNA significantly affected the cell cycle in CD133^+^Hep-2R cells. Treatment with either irradiation or GLUT-1 siRNA caused significant G0/G1 arrest and significantly reduced the proportions of cells in S and G2/M phases compared to controls. In comparison with the effects of irradiation alone, combined treatment with GLUT-1 siRNA and irradiation showed more significant effects on the cell cycle, as the proportion of cells in the G0/G1 phase was higher and those in the S and G2/M phases were lower. Therefore, we speculated that GLUT-1 siRNA enhanced the radiosensitivity of CD133^+^Hep-2R cells through redistribution of the phases of the cell cycle. In [Figure 2C](#F0002){ref-type="fig"}, we demonstrated that there was significant difference in cell cycle phases among Hep-2, CD133^+^-Hep-2, and CD133^+^-Hep-2R and the reason for the above cell cycle distribution could be that CD133 promote the cell cycle progression of CD133^+^-Hep-2 and CD133^+^-Hep-2R.

Next, we analyzed the apoptosis rate of CD133^+^-Hep-2R cells to determine whether GLUT-1 siRNA enhanced radiosensitivity by increasing irradiation-induced apoptosis. The combination of GLUT-1 siRNA and irradiation caused more apoptosis in CD133^+^-Hep-2R cells than irradiation alone, both in vitro and in vivo. As DNA damage caused by irradiation is the major cause of apoptosis after radiotherapy, we postulated that GLUT-1 siRNA may have enhanced the radiosensitivity of CD133^+^-Hep-2/2R cells by inhibiting DNA repair capability. Therefore, we examined the expression levels of RAD51 and DNA-PKcs in CD133^+^-Hep-2R cells, both of which are known to participate in the major repair pathways involved in DSB repair. Combined treatment with GLUT-1 siRNA and irradiation reduced RAD51 and DNA-PKcs expression further than irradiation alone, both in vitro and in vivo. Accordingly, we speculated that GLUT-1 siRNA enhanced the radiosensitivity of CD133^+^-Hep-2R cells by inhibiting DNA repair capability and increasing apoptosis.

It is widely accepted that the expression of GLUT-1 is regulated by the parthway of mammalian target of rapamycin (mTOR), for example, Gao et al found that in gastric cancer, mTOR/PKM2 and STAT3/c-Myc signaling pathways crosstalk to enhance the energy metabolism through up-regulating the expression of GLUT-1;[@CIT0037] Nakaigawa et al reported that in renal cell carcinoma, the expression of GLUT-1 was increased in the renal cell carcinoma cells surviving under hypoxia condition via mTOR pathway;[@CIT0038] Sun et al reported that in Malignant perivascular epithelioid cell tumor, the up-regulation of mTOR leads to the up-regulation of GLUT-1;[@CIT0039] Kavitha el al. Showed that in maternal nutrient restriction of baboon, the down-regulation of mTOR causes the down-regulation of GLUT-1.[@CIT0040] From the above citation, it could be said that the mTOR pathway is the upstream regulator of the expression of GLUT-1, so it would be very interesting to further investigate the involvement of mTOR in the regulation of GLUT-1 in laryngeal cancer and this direction would be the important aim of our next research in the future.

Moreover, it has been reported that besides mTOR pathway (regulatory pathway for GLUT-1), glutamine is another important factor to regulate the growth of cancer cells and some special mechanisms of cancer cells to deal with glutamine deprivation can be exploited to treat some cancers, for example, Saqcena et al demonstrated that under glutamine deprivation, the breast cancer cell MDA-MB-231 (KRas driven cancer cells) could bypass the G1 late restriction point and enter S phase directly and then was arrested at S phase because of Insufficient nucleotide biosynthesis and at this time, these cancers are vulnerable to cytotoxic drugs such as capecitabine, paclitaxel, and rapamycin;[@CIT0041]--[@CIT0043] Gaglio et al reported that glutamine deprivation induces abortive s-phase rescued by deoxyribonucleotides in k-ras transformed fibroblasts;[@CIT0044] Son et al reported that glutamine supports pancreatic cancer growth through a KRAS-regulated metabolic pathway.[@CIT0045] Therefore, the pathway for glutamine metabolism and the pathway for glucose metabolism (mTOR, GLUT-1, etc.) are two independent factors to regulate certain cancers. This study currently only related to the glucose metabolism (GLUT-1) and it would be very interesting to investigate the potential crosstalk between GLUT-1 and the pathway for glutamine metabolism in laryngeal cancer and this direction would be another important aim of our next research in the future.

Conclusions {#S0005}
===========

The results of the present study suggest that GLUT-1 siRNA enhanced the radiosensitivity of CD133^+^-Hep-2R cells by redistributing the phases of the cell cycle, inhibiting DNA repair capability, and increasing apoptosis. Further investigations of the molecular mechanisms underlying the effects of GLUT-1 on the development of radioresistance in laryngeal CSCs are warranted for the establishment of precision targeted therapy.
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